Spin wave pulse propagation in a magnetic thin film under static, spatially nonuniform magnetic fields has been studied. The experiment was carried out with an yttrium iron garnet film strip. The film strip was magnetized with a spatially nonuniform magnetic field parallel to the length of the film strip. Spin wave pulses were excited with a microstrip transducer at one end of the film strip. The spin wave pulse propagation along the film strip was mapped with a high-resolution time-and space-resolved inductive magnetodynamic probe. The wave number for the spin wave pulses was found to increase in a spatially increasing field and decrease in a spatially decreasing field. The wave number change in a static, general spatially varying static field is reversible for this field-film geometry. The phase velocity was found to decrease in a spatially increasing magnetic field and increase in a spatially decreasing field. The carrier frequency of the spin wave pulses remained constant throughout pulse propagation.
I. INTRODUCTION
Spin wave excitations in magnetic materials have attracted vigorous research over the last 60 years. The study of spin waves is fundamentally important for understanding many linear and nonlinear effects in magnetic systems. It is also important for the development of microwave devices such as phase shifters, delay lines, and frequency selective power limiters. [1] [2] [3] Most of the previous works concern spin wave excitations in spatially uniform magnetic fields. Only a limited amount of work has been done on spin wave propagation in nonuniform fields. Spin waves in nonuniform fields, however, are of great interest. There are two main reasons. First, the magnetic fields in spin wave research and applications are often not exactly uniform. Second, spin waves in strongly nonuniform fields have unique properties that could lead to novel device applications. The potential for device applications has stimulated various experimental and theoretical studies. They include coupling between the spin waves and elastic waves through the nonuniform demagnetizing fields [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the modification of spin wave propagation characteristics, such as dispersion, loss, group delay, and trajectory. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] The key idea behind nonuniform field-based spin wave devices lies in the spin wave wave number depending on the local value of the static magnetic field. Schlömann was the first to point out that the wave number of a spin wave propagating in a spatially nonuniform magnetic field should change with the magnitude of the field. Specifically, Schlömann 5 proposed to use the nonuniform demagnetizing fields at either end of a yttrium iron garnet ͑YIG͒ rod to couple elastic waves with spin waves. Explicit demonstration of this idea, however, has not been given until now.
This article presents the first experimental data on the spatial wave number change in spin waves propagating in spatially nonuniform magnetic fields. Specifically, the article reports on time-and space-resolved measurements of spin wave pulse propagation properties in a magnetic film strip that is magnetized to saturation with static, spatially nonuniform magnetic fields. The experiment was performed with a long and narrow magnetic YIG film strip. The spatially nonuniform fields were applied parallel to the long direction of the film strip. This film/field configuration corresponds to the propagation of backward volume spin waves ͑BVSWs͒.
2,3
The frequency versus the wave number dispersion relationship for the BVSW configuration depends on the magnetic field strength, saturation magnetization, and thickness of the magnetic film. A change in the magnetic field can shift the frequency versus the wave number dispersion curve up or down such that, for a given frequency, the wave number is different for a different field.
In this work, it is found that in a spatially nonuniform magnetic field, some of the BVSW pulse characteristics are set by the local magnetic field. Specifically, the wave number increases and the phase velocity decreases in a spatially increasing magnetic field, while the opposite occurs in a spatially decreasing magnetic field. Moreover, if the field first decreases and then returns to its initial strength, the wave number will do the same. The change in the wave number with field is therefore a reversible process. In spite of the changes in the wave number, the spin wave pulse carrier frequency remains constant throughout the pulse propagation. The group velocity is found to remain relatively constant for small changes in field.
Section II of this paper describes the experimental setup and measurement technique. Section III provides experimental results, analysis, and comparisons with work in the same vein. Section IV gives a brief summary of the present work. 
II. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUE
The experiment used a time-and space-resolved inductive probe system. 38 Figure 1 shows a schematic of the measurement system. A YIG thin film strip was magnetized by a field parallel to the length of the film strip. The YIG film was nominally 7.2 m thick, 2 mm wide, and 11 mm long. A microstrip transducer was positioned at one end of the film strip for the excitation of spin wave pulses in the film strip. A magnetodynamic inductive loop probe was scanned just above the center of the film along its long axis to detect a spin wave pulse signal during its propagation. The inductive probe used in the experiment was sensitive to wave numbers up to 400 rad/cm. A computer controlled x-y-z scan stage was used to move the probe accurately.
The output time trace signal from the probe at every spatial point was recorded by using fast broadband microwave oscilloscope with a temporal resolution of 25 ps. The time-resolved signals at different positions along the long axis of the YIG film were accumulated to construct the spatiotemporal responses of the spin waves.
The spin wave pulses were excited with input microwave pulses with a temporal width of 35 ns and a carrier frequency of 5.515 GHz. This frequency is about 60 MHz below the BVSW cutoff frequency for the magnetic field near the input transducer. The nominal input power applied to the transducer was 32 mW, which was small enough to keep the spin wave pulses in the linear, nonsolitonic regime, 39 but large enough to provide detectable output signals.
The experiment was performed with three specific spatially nonuniform field configurations. The different configurations were realized through the adjustment of the positions of the two electromagnetic poles relative to the film/ transducer structure. A standard Hall effect magnetic field detector, which was mounted on the scan stage in place of the inductive probe, was used to map the spatially nonuniform magnetic field H as a function of the distance z from the input transducer. The three H͑z͒ configurations consisted of fields that ͑i͒ increase with z, ͑ii͒ decrease with z, and ͑iii͒ have a decrease followed by an increase or a sag. Figure 2 gives the actual static field H͑z͒ profiles utilized in the experiment. For both the increasing and decreasing field configurations, the overall field change over the length of the strip was about 20 Oe. For the sagging configuration, the maximum field change was about 5 Oe. Although the field change in all three configurations is relatively small compared to the nominal values, the data below clearly show that it is sufficient to produce significant changes in the carrier wave numbers and consequently the phase velocities for the spin wave pulses. The input pulse carrier frequency and the magnetic field at the input transducer position, i.e., for z = 0, have been chosen in order to obtain a moderate value of the initial carrier wave number. This initial value ensured that the spin wave pulse wave number stayed within the bandwidth of the inductive probe. performed on either the vertical or horizontal slice, the peak of which gives the wave number and the carrier frequency for that instance in time and space, respectively. The slope of the phase front can be taken as the phase velocity. All of the data presented later are taken from spatiotemporal maps similar to that in Fig. 3 . Figure 4 shows the spatial evolution of BVSW pulses for the three different field configurations shown in Fig. 2 . The plots show normalized spin wave signals as a function of position at two different time instances. The spatial dependences were obtained from the spatiotemporal propagation maps constructed in the way described above. The waveforms in the left column correspond to time t = 18.7 ns, relative to the launch of the initial pulse to the input microstrip transducer, while those in the right column were taken at t = 125 ns. The wave number of each pulse was obtained from spatial fast Fourier transform of the signals and is indicated in each graph. The input microwave pulses for all the configurations had the same carrier frequency, temporal width, and power as given above. The data given in Fig. 4 show the general wave number trend for BVSW pulses that propagate in static, spatially nonuniform magnetic fields. The data in ͑a͒ for an increasing field show that, after over propagation of about 4 mm or 106 ns, the pulse carrier wave number increases significantly. An analysis of the waveforms shows an increase from about 175 rad/cm at about 2-3 mm to nearly 275 rad/cm at about 6 mm. In contrast, the data in graph ͑b͒ for a decreasing field show a significant decrease in the carrier wave number. Here, the change is from 175 rad/cm at about 2-3 mm to 50 rad/cm at about 6-7 mm. The two waveforms in ͑c͒ for a sagging field, however, show similar carrier wave numbers at both of the time points. Note that, for the data in graph ͑c͒, one has H Ϸ 1270 Oe at both the 2-3 and 6-7 mm positions. These data show that for the 106 ns propagation time, each pulse has traveled nearly the same distance, yielding one and the same group velocity of 3.7ϫ 10 6 cm/ s. This group velocity is in good agreement with theoretical estimation for BVSW configuration. 2, 3 The data in Fig. 3 also show that, in all three cases, the spatial width of the spin wave pulses remains more or less constant in spite of the nonuniform H͑z͒. Figure 5 summarizes results on the wave number k versus the position z dependence for all three H͑z͒ configurations. The empty squares represent data for the increasing field configuration, while the empty circles represent the data for the decreasing field. The sagging field data are represented by triangles. The overall propagation distance was about 8 mm. Data are shown for distances greater than 1 mm only since the probe could not be positioned any closer to the input transducer. For these data, the spatial waveforms at a series of time moments were first determined from the timedomain measurements. A fast Fourier transform was then performed on the spatial waveforms at each point in time, and the central wave number was obtained. Each time point was multiplied by the measured group velocity to obtain the spatial position of the pulses. The error bars are for the whole data range and are Ϯ25 rad/ cm. The data in Fig. 5 quantitatively show the observations on the wave numbers noted above. The data for the increasing field clearly show that the wave number k increases with z for an increasing field H͑z͒, while the data for the decreasing field show that the wave number k decreases with z for a decreasing field H͑z͒. Both show net wave number changes greater than 100 rad/cm, from z = 1 mm to z = 8 mm. The data for the sagging field, on the other hand, show that k first decreases and then increases, or sags, with z for a sagging magnetic field H͑z͒ configuration. The net wave number change from z = 1 mm to z = 7 mm is nearly zero.
III. EXPERIMENTAL RESULTS AND ANALYSIS
Taken together, Figs. 4 and 5 show that the wave number of a BVSW pulse largely depends on the strength of the local magnetic field. For a spatially increasing field, the wave number increases, and for a spatially decreasing field, the wave number decreases. The data for the sagging field configurations in both Figs. 4 and 5 show another important fact, namely, that the process is reversible.
These magnetic field versus wave number responses occur because the BVSW frequency versus the wave number dispersion relation explicitly depends on the magnetic field H. The BVSW dispersion relation in the magnetostatic limit is given by 2, 3 
where is the angular carrier frequency, k is the carrier wave number, ␥ is the gyromagnetic ratio, M s is the saturation magnetization, and d is the film thickness. This dispersion relation ͑k͒ is a decreasing function of the wave number k. For a given carrier frequency, therefore, an increase in the magnetic field strength H results in an upshift of the dispersion curve and thereby an increase in the wave number. Similarly, a decrease in the magnetic field strength leads to a downshift of the dispersion curve and thereby a decrease in the wave number. For the nonuniform fields presented in this work, the magnetic field may be taken as a function of the distance from the transducer z. Figure 6 explicitly demonstrates the main point of this article: The carrier wave number of a spin wave depends on the local magnetic field. The empty circles and squares show the combined data from Figs. 2 and 5 in the wave number k versus the static magnetic field H format for the increasing and decreasing field configurations, respectively. For clarity, the sagging field configuration data are not shown. The straight solid line is a fit to the data based on a linearized form of Eq. ͑1͒, obtained by the expansion of the exponential, for film thicknesses of 7.2 m and a saturation induction 4M s 1750 G and an additional 40 Oe of anisotropy. The horizontal error bars for the static field are representative of the whole field range.
The theoretical line shows a relatively good fit to the data for both field configurations. These data conclusively show that the wave number of a BVSW pulse depends monotonically on the local magnetic field in a nearly linear manner for wave numbers up to at least 400 rad/cm. It is clear that one can manipulate the wave number of the BVSW pulse through the local magnetic field.
It is important to note that these results are for H͑z͒ profiles in which the overall change in field was relatively small and gradual, and that the fields are always colinear with the strip length. As a consequence of the small field changes, the slope and curvature of the frequency versus the wave number dispersion curve do not change significantly. Therefore, the group velocity and spatial and temporal widths of the spin wave pulse are relatively the same for all of the configurations.
It is also important to note that the results presented here for spatially small field changes are different from those for large field changes. As presented in Ref. 37 , spin waves could either tunnel through or be reflected by a local magnetic field barrier. The field barrier was created by a dc current carrying wire positioned over the surface and across the width of a YIG film strip. The spin wave tunneling is similar to quantum tunneling. The spin wave reflection occurs when the field in the sagging region is so small that the entire dispersion curve is shifted to be below the carrier frequency of the incident spin wave pulse.
In contrast with the k͑z͒ results discussed above, it is found that the carrier frequency of the spin wave pulses is unaffected by the field changes. This frequency result was determined from the fast Fourier transforms of the timedomain signals as a function of the propagation distance z. These data show that the central carrier frequency of the BVSW pulses remains constant, while the pulses propagate through the spatially increasing or decreasing fields. This result is significant. It means that the spin wave pulses will maintain the same carrier frequency even as they propagate in a spatially changing field environment. The carrier frequency does not change because there are no temporal changes in the magnetic field. This constant frequency property should be contrasted with the case of spatially uniform but nonstationary ͑i.e., nonstatic͒ external magnetic fields. In general, nonstationary external fields change the carrier frequency. [40] [41] [42] The data in Figs. 4-7 have shown that when a BVSW pulse propagates through a spatially nonuniform magnetic field the carrier wave number changes, while the carrier frequency remains constant. These two results indicate that the phase velocity can also be controlled in a predictable manner. Figure 8 shows representative BVSW phase velocity data as a function of distance z for the increasing and decreasing field conditions. The empty symbols denote data obtained from the slopes of the wave fronts in the space-time maps, as shown in Fig. 3 . The solid symbols are data obtained as a ratio of spin wave frequency and measured wave number according to p = / k, where the frequency / 2 is 5.515 GHz and the wave number k was taken from the data in Fig. 5 . The error bars for the wave front data are the size of the symbols.
The data shown in Fig. 8 confirm expected behavior for the phase velocity of BVSW pulses that propagated in a spatially nonuniform magnetic field, i.e., inverse dependence of phase velocity with respect to wave number. The graphs also show a reasonable match of the data points obtained by the phase velocity formula and those obtained from the slopes of the wave fronts.
The results shown in Fig. 8 indicate that the phase velocity can be controlled by the local magnetic field through the adjustment of the carrier wave number. It should also be noted that the phase velocity of spin waves was never measured previously.
It is important to emphasize that these results are for the specific case of backward volume spin waves. The response would be exactly opposite in the case of surface and forward volume spin waves. 2, 3 In these two cases, the spin wave frequency versus the wave number dispersion relation, ͑k͒, is an increasing function of k. The wave number should therefore increase in the spatially decreasing field and decrease in the spatially increasing field. It will be important to examine the spin wave propagation dynamics for the gamut of possible magnetic field configurations and the wide range of ͑k͒ responses that can be achieved by these variations.
Large field changes and propagation geometry variations may be useful for wave number manipulation, group and phase velocity control, and dispersion management, not to mention options for the tuning of nonlinear magnetodynamic response. These effects have important possibilities for new classes of microwave devices for signal processing applications.
IV. SUMMARY
High-resolution time-and space-resolved imaging of spin wave pulse propagation under spatially nonuniform magnetic fields has been realized with an inductive magnetodynamic probe. It is found that in a nonuniform field, the carrier wave number and phase velocity change, while the carrier frequency remains constant. Specifically, the wave number increases in the spatially increasing field and decreases in the spatially decreasing field, and this change is reversible for a general re-entrant field change. These field dependent wave number and phase velocity properties present potential microwave signal processing applications, such as novel delay lines, wave number selective devices, dispersion control devices, millimeter wave compression and expansion devices, and chirp control devices. 
